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Abstract

Biological membrane fission is conducted by protein-driven stress. To create such membrane
stress the GTPase dynamin-1, protein orchestrating membrane fission in endocytosis, assembles
into helical scaffolds that constrict the necks of endocytic vesicles. We found that under constant
GTP turnover two-rung dynamin scaffold is sufficient to produce fission of lipid nanotubes.
Analyzing membrane fission by short dynamin scaffolds, we reveal a catalytic cycle which
tranglates congtriction stresses into fission. Upon constriction, coordinated membrane wedging by
the scaffold facilitates reversible merger of the inner leaflet of the nanotube, the hemifission.
Modeling of this reversible step identifies alow-energy path based on geometric coupling of the
scaffold and the membrane. The final translation of the metastable hemifission into complete
fission is stochastically linked to disassembly of the scaffold. This catalytic conversion of
localized stresses into membrane remodeling suggests a novel paradigm for fission and fusion of
cellular membranes.

Main Text

Cédlular membranes can merge (fusion) or split apart (fission) without compromising their
barrier function. This property is based upon lipid polymorphism allowing lipids to form
transient non-bilayer structures locally bridging cellular membranes at the initiation of
topological transition (1-4). These connections provide a unique path for sequential
remodeling of the lipid bilayer, monolayer by monolayer, thus avoiding formation of
transmembrane pores and content leakage (1). In structurally stable lipid bilayers formation
of non-bilayer connections requires application of membrane stress (5, 6). It follows that
specialized protein complexes controlling membrane fusion and fission in cells are needed
to apply membrane stress to acutely destabilize lipid bilayers. Such complexes are usually
highly transient structures consisting of only afew protein molecules (7, 8). It remains an
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open question whether they can rely only on pure force to ensure completion of the
topological transformation within their lifetime.

This question is exemplified in the mechanism of action of dynamin-1, the paradigmatic
member of the superfamily of dynamin-like GTPases involved in membrane fusion and
fission (9-11). Dynamin polymerizesinto helical collars constricting the necks of endocytic
vesicles (9). Polymerization triggers cooperative GTP hydrolysis potentially liberating huge
(100s of kgT) amounts of energy per turn of the dynamin helix. Structural analysis of long
dynamin helices indicates several possible conformational changes and/or remodeling
modes capable of converting the GTP energy into a power-stroke producing acute
membrane stress and fission (12-16). However, both in vivo and in vitro, dynamin appears
to operate in small units (6, 8, 17), and it remains unclear how much of the energy generated
through polymerization of a small dynamin complex and subsequent GTP hydrolysisis
converted into local deformations of the lipid bilayer.

To quantify the efficiency of the dynamin fission machinery, we reconstituted activity of the
wild type (WT) dynamin-1 (further dynamin) on lipid nanotubes (NTs). The dramatic
constriction upon dynamin polymerization on long NTs (pulled from Giant Unilamellar
Vesicles (GUV) or SUPER templates (18, 19)) was observed as a decrease of NT membrane
and lumenal fluorescence at the places where the dynamin scaffold forms (Fig. 1A, B). The
coincidence of axial profiles of fluorescence intensity coming from both a membrane-
incorporated lipid label (Rh-DOPE) and alumenal aqueous dye (3kDa dextran) (Fig. 1B)
indicates that the lipid label correctly reports membrane constriction. Histograms of
membrane fluorescence intensities reporting the NT diameter display two popul ations
(corresponding to the bare and constricted NT regions) which are similarly distributed with
or without GTP (Fig. 1F). Thus, the average membrane curvature imposed by the scaffolds
does not appear to depend on the presence of the nucleotide, and instead is driven mainly by
dynamin polymerization (6, 17). In the absence of GTP or under conditions favoring
membrane binding of dynamin, multiple long dynamin scaffolds develop. The scaffolds
grow independently until they cover a substantial part of the NT, so that the membrane
deformations produced by individual scaffolds start interfering with each other (Fig. 1C,
Movie S2). Thisinterference results in membrane bulging (Fig. 1C), which prevents merger
of the neighboring scaffolds (20) and stalls their growth. In the absence of GTP, these
dynamin scaffolds remain virtually static (Fig. 1D, E). However, in the presence of 1 mM
GTP, NT constriction reaches a quas steady-state situation (Fig. 1C) during which GTP
hydrolysis fuels large fluctuations of the length of individual scaffolds (Fig. 1D, E, S1;
Movies S2, S3). Thisreflects GTPase-driven cycles of disassembly (frequently almost
complete, asindicated by thetail in the histogram in Fig. 1E, lower panel) and reassembly of
the scaffolds before membrane fission (6, 13, 17, 21). Together, these observations indicate
that the energy released by GTP hydrolysis causes softening (“melting”) of the dynamin
polymer, rendering it metastable.

Analysis of scaffold disassembly dynamics post fission suggests that external forces,
including those related to membrane tensile stress, can accelerate disassembly of the
dynamin scaffolds formed in the presence GTP. A single fission event on NTs pulled from
GUV s under tension, results in rapid disassembly of the entire scaffold and concomitant
retraction of the tubule (Fig. 1G, H, Movie $4); whereas free floating membranes remain
tubular and stochastically break into numerous pieces (17) (Movie S5). In contrast, in the
absence of GTP, dynamin assemblies can withstand membrane tension (Fig. 11, Movie S6).
Thisforce sensitivity further corroborates the metastable character of the long dynamin
scaffolds in the presence of GTP and al so indicates that the metastability is directly linked to
fission. The question remains whether thislink is relevant for the membrane fission
produced by much shorter dynamin complexes assembling under physiological conditions.
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To observe dynamin activity at nanoscale we measured the ionic permeability (conductance)
of short (submicron) NTs pulled from a planar lipid bilayer (6). In the absence of GTP, the
constriction starts from arapid nucleation of short dynamin scaffolds (22). The scaffolds
then grow either monotonically (Fig. 2A) or in a stepwise manner (Fig. 2B). Similar patterns
of membrane-constriction activity are detected by fluorescence measurements on long NTs
(Fig. S1), confirming that the conductance decrease reports NT constriction. The refractory
period before the steps likely reflects a slow disappearance of a membrane bulge between
the neighbor scaffolds followed by merger of the scaffolds (Fig. S1B). Independent of the
pathway and the NT length, the final steady-state conductance is always close to the value
characteristic for auniformly squeezed NT of fixed lumenal diameter (~5 nm, 2Rpyn, Fig.
2A), as expected (6). Given the bimodal distribution of constricted and bare tubules (Fig.
1F), the change in conductivity (AG,) can be used to estimate the length (Lg) of the
constricted region upon each constriction step (Fig. 2D, left panel).

In the presence of GTP, dynamin effectively severs short NTs (80 to 2000 nm in length)
directly demonstrating that very short dynamin scaffolds are sufficient to produce fission in
vitro. Fission follows a period of wave-like conductance behavior (Fig. 2C, upper graph,
also see (6)), indicating cycles of assembly/disassembly of the protein scaffold upon GTP
hydrolysis. Corroborating this notion, at lower concentrations of GTP, the disassembly prior
to fission is slower (upper versus lower graph in Fig. 2C). We did not observe asingle
example of arapid ~2-fold conductance decrease which would correspond to a concerted
GTP-dependent increase in constriction or extension of a short dynamin scaffold (12, 13,
23). Rather, our data demonstrate slow, iterative cycles of membrane constriction
resembling a stochastic optimization process (6).

Assuming that a dynamin scaffold in the presence of GTP imposes the same local curvature
aswithout GTP (asindicated by Fig. 1E,F), we can derive the length of the dynamin
scaffolds from conductance changes (Fig 2D, right panel). Such analysis demonstrates that
the scaffolds producing the conductance waves (Fig. 2E, +GTP curve) are substantially
shorter than the scaffolds producing conductance steps in the absence of GTP (Fig. 2E -GTP
curve). Even shorter, 20-50 nm dynamin scaffolds, produce fission, as indicated by the shift
in the distribution of the scaffold length (from +GTP to “fission” curves, Fig. 2E). Hence,
the metastability of the dynamin scaffolds under constant GTP turnover, seen in fluctuation
of the scaffold length (Fig 1D, E, Fig. 2C), alows to optimize the scaffold length to produce
fission.

The smallest constriction steps detected upon dynamin polymerization without GTP were
close to AL~20nm (Fig. 2E, insert), well above than the noise level in our measurements
(Fig. 2D). Thislength approximately corresponds to two rungs of adynamin helix with a
pitch of ~10nm (9), indicating that curvature nucleation requires at least a two-rung scaffold.
The length of the shortest constriction detected prior to fission (Fig. 2E, insert) also
corresponds to the two-rung dynamin helix, the minimal unit required to form a complete
ring of activated GTPase domain dimers (24). Thus, atwo-rung dynamin complex
constitutes the minimal dynamin machinery producing membrane curvature and fission.

In ~10% of trials we found that the acute loss of conductance, indicative of closure of the
NT lumen, isfollowed by its restoration (Fig. 2F), reminiscent of the flickering conductance
of fusion and fission pores measured in cellular systems (25-29). Asin vivo, the NT
conductance switches between “open” and “closed” states. It staysin the “closed” state for
tens of ms, which is much longer that the characteristic time of the transition between the
two states (<1 ms), indicating a metastabl e intermediate. Two observations indicate that this
closed state corresponds to a hemifission-type structure (1, 4, 6). First, we never (0/24
fission events recorded using short NTs) detected a sharp conductance increase
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characteristic of content leakage, implying that a hemifission intermediate precedes
complete fission (1, 6). Second, because complete fission in our system triggers the rapid
disassembly of metastable dynamin scaffolds (Fig. 1G, H), it isunlikely that the flicker
reflects a cycle of fission and fusion. Hence, the flicker of the NT conductance reveals
spontaneous transitions between the two main intermediates of membrane fission: a
constricted tube (resembling the constricted neck of atransport vesicle (25)) and
hemifission. We speculate that the flicker phenomenon in membrane fusion, which reflects a
similar transformation between a narrow fusion pore and hemi-fusion intermediate, may also
be mediated by aring-like protein complex.

The characteristic time for flicker (10s of milliseconds, Fig. 2F) is much smaller than the
characteristic time for reassembly of the dynamin polymer (seconds, Fig. 2C). Furthermore,
the “open” state is characterized by a preset conductance level (Fig. 2F, red line), indicating
that the flickering NT is supported by a dynamin scaffold of fixed geometry. Such scaffolds
maintain the same curvature as those formed in the absence of GTP (Fig. 1F), but here no
flicker was detected. Thus, the GTP hydrolysis produces a metastable transition state (“soft”
scaffold) between fully assembled (no GTP) and disassembled (GDP-bound (13, 21))
scaffolds. Previously, we proposed that fully assembled scaffolds bring membrane curvature
to acritical point sufficient to trigger spontaneous fission (6). This constricted state,
however, is stabilized by the same scaffold producing constriction so that fission requires
GTP-dependent disassembly of the scaffold (6). Now we reveal that the scaffold, till in the
constricted state, can mediate half of the topological transition, up to the hemifission
intermediate, during GTP hydrolysis. Given that hemifission is reversible and is not linked
to any additional curvature stress, the scaffold acts, by definition, as a catalytic center that
orchestrates topological membrane transitions. That is, it “recognizes’ and transiently
stabilizes the local constricted and the hemifission states and provides atwo-way low energy
path between them (30, 31). Conversion of hemifission into complete fission islinked to
tension-enhanced disassembly of this short dynamin scaffold (Fig. 1H), thus completing the
fission cycle.

We next explored the molecular basis for the catalytic activity of short dynamin scaffolds,
focusing on the hydrophobic membrane-inserting variable loop 1 (VL 1) of Pleckstrin
Homology Domain (PHD) of dynamin, which provides the critical functional links between
dynamin and lipids (9, 32) . We examined the activity of the I533A mutation in VL1 that
reduces its hydrophobic bulk and severely inhibits the membrane fission activity of dynamin
(32). 1533A constricts NTs pulled from planar lipid bilayers to the same final curvature as
wild type dynamin (Fig. 3A, D) producing a similar stepwise decrease in the conductance
seen on submicron NTs (Fig. 3B). Moreover, in the presence of nucleotide, 1533A produces
conductance fluctuations closely resembling the phenotype observed with wild type
dynamin (Fig. 3B, C). These data demonstrate that 1533A effectively couples GTP
hydrolysisto periodic curvature generation. Nonetheless, the fission activity of 1533A is
significantly impaired (Fig. 3A, B): it broke only 1 out of 8 short NTs, compared to 24 out
of 25 for the wild type protein, and no conductance flicker was detected.

Interestingly, the fission activity of 1533A on NTs pulled from SUPER templates and GUV
can be restored by increasing the PI(4,5)P2 levelsin the membrane (Fig. 3E, Movie S7).
However, given that 1533A is severely defective in clathrin-mediated endocytosisin cells
(32), the lower PI(4,5)P2 conditions more accurately reflect its activity under physiological
conditions. At these PI(4,5)P2 levels (1 or 2 mol%), I533A fails to produce membrane
fission of the tubes pulled from either GUVs (Fig. 3F; Movies S5, S8, S9) or SUPER
templates (Fig. S2). From these data, we conclude that membrane wedging by PHDs and
PI(4,5)P2-dependent el ectrostatic adhesion between PHDs and lipids act synergistically
during hemifission catalysis.
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To understand this novel role of the PHD, we analyzed the membrane wedging activity of
short dynamin scaffolds theoretically. Our experimental observations indicate that dynamin
uses the energy of GTP hydrolysis, in part, to optimize the scaffold geometry for the
hemifission catalysis. We therefore used this experimentally-determined two-ring
approximation of the optimal fission machinery for our modeling. In the axial section of the
nanotube the rings are seen as T-shape dynamin dimers (9) (Fig. 4A, stage 2). The
membrane-interacting interface thus consists of two PHDs forming a4.6 nm wide by 4.2 nm
long pedestal oriented along the NT axis (Fig. 4B, Fig. S3). This pedestal tightly bindsto the
lipid bilayer through PI(4,5)P2-dependent electrostatic interactions and also drives a
pronounced hydrophobic wedge into the NT membrane (9, 21) (Fig. 4B). The cylindrical
membrane of a constricted NT has zero azimuthal curvature while that of the hemifission
intermediate is substantially negative (Fig. 4A, stage 2 and 4 (6, 33)). Thus, we argue that in
order to minimize membrane stresses PHDs must tilt with progression of membrane
deformations towards hemifission (Fig. 4A, tilt angle a). Indeed PHDs are flexibly linked to
the rest of the dymanin dimer (14-16) and the bridging of the rings during GTP hydrolysis
(24) shall further facilitate tilting (Fig. 4A). Our calculations (described in detailsin
Supplementary online text) demonstrate that if we fix the width of the wedge to a reasonable
value (0.7 nm) and allow PHDs to optimize the tilt angle, the resulting energy barrier
decreases dramatically to severa kgT (Fig. 4C). This meansthat if, in the GTP-dependent
metastable state, dynamin scaffolds can simply follow membrane deformations by changing
thetilt angle (Fig. S5), then the topological transition becomes spontaneous.

Thetilt angle can be changed constantly to minimize the elastic stresses at each point of the
topological transition. Alternatively, PHDs could adopt a fixed tilt. At zero tilt (Fig. 4A,
stage 2), the energy barrier remains high (Fig 4C, red curve), indicating that pure
constriction isineffective in producing fission (6, 33). At non-zero constant tilt, dynamin
scaffold produces torque. We found, however, that for the same insertion width (0.7nm here)
the decrease of the energy barrier produced by torque (Fig. 4C, red line) is never more
effective than that achieved by explicit coupling of thetilt angle to the membrane shape
(Fig. 4C, dashed line). Both, tighter membrane adhesion of PHDs mediated by PI(4,5)P2
and widening of the effective membrane wedge enforce this local coupling between
dynamin scaffold and lipids (Fig. 4C, black curve), explaining the Pl (4,5)P2-mediated
rescue of the fission activity of 1533A (Fig. 3E). Thislink between the geometry of the
protein scaffold, concerted membrane wedging and the shape of the lipid bilayer constitutes
the essence of the hemifission catalysis.

Why the need for a catalytic stage? It is generally accepted that topological membrane
remodeling (fusion and fission) requires application of stressto locally breach the integrity
of the lipid bilayer. If stressis created by curvature-driven protein complexes, they generally
tend to stabilize highly curved membrane structures thereby effectively inhibiting
topological transitions (34), just as tighter substrate binding inhibits enzymatic catalysis
(31). Hence our findings solve this paradox: Protein complexes driving membrane fission
combine membrane curvature activity with specific structural flexibilities allowing for
catalysis of topological remodeling (Fig. 4A). Furthermore, to ensure the completion of
remodeling within the short life span of the complex, the protein and lipid rearrangements
must be synchronized, e.g. via explicit catalytic feedbacks between the protein complex and
the lipid matrix. Taken together, our results provide a new rationale for understanding the
mechanisms of protein-driven membrane remodeling exemplified in the functional design of
the dynamin machinery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Metastable scaffolds formed by wild type dynamin (WT) under conditions of constant GTP
turnover. A. In the absence of GTP, dynamin polymers (dyn-Alexa488 fluorescence, green)
constrict lipid nanotubes (Rh-DOPE fluorescence, red). B. Membrane (red) and lumenal
(3kDa dextran fluorescein, blue) markers show similar axia profiles marking constricted
zones. C. Kymograph showing development of the dynamin scaffolds (dark regions)
congtricting lipid NT in the presence of 1 mM GTP. The selected profiles (1-3) illustrate
formation of initial isolated scaffolds (2) and membrane bulging at high protein coverage
(3). D. Kymographs showing the steady-state constriction of the NT without and with GTP
asindicated. The variable lengths (L) of the constricted parts (blue-violet) is measured as
shown. E. Variability of the length (L, see D) of constricted parts (hormalized to mean
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length for each scaffold (L)) in the steady-state. F. Distribution of pixel intensities for
kymographs showing the development of NT constriction by dynamin (asin C). Two peaks,
corresponding to bare and constricted parts, are detected both in the absence and presence of
GTP. G, H. Rapid disassembly of the dynamin scaffold (green) upon fission, the frame
seguence and the graph illustrate nucleation (white arrowhead) followed by slow
accumulation and fast disappearance of the dyn-Alexad88 fluorescence in the NT (pulled
from aGUV seen above) region. The insert shows images illustrating the moment of fission
(100ms between frames). 1. Without GTP the dynamin scaffold prevents shortening of the
NT when a pipette holding the NT end approaches the GUV.
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Short metastable dynamin scaffolds catalyze hemifission. A-C. Patterns of slow NT
constriction (monotonic (A), stepwise (B) and reversible (C)) are observed by measuring the
conductance of lipid NTs. Conductance is normalized to the value prior to dynamin addition.
The cartoonsin A and B illustrate the growth of the dynamin scaffold on NT; the initial (Ry)
and the final (Rpyp) radii of the nanotube are determined from the NT conductance using
Ohm'’s law, assuming that at the final stage NT is uniformly covered by dynamin; the length
of the dynamin scaffold in the intervening states (Lg) is determined from changesin G,
assuming that each scaffold constricts NT to the same radius Ry, Lower (0.2 mM GTP)
and upper (1 mM GTP) panelsin C show that GTP accelerates disassembly of the dynamin
scaffold. D. Characteristic examples of the Lg behavior without (left) and with (right) GTP.
E. Cumulative distribution functions of the length of the dynamin scaffold recalculated from
the conductance steps (AG,,) measured as shown in B (- GTP, red arrow) and C (+ GTP, red
arrows). Fission corresponds to the conductance of the NT prior to fission as shown in C
(AG, 1589, blue arrow). The insert shows the beginning of the main graph. F. Reversible
changes of the NT conductance (“flicker”) preceding complete fission, red lineillustrates the
“open” state; insert shows an example of the short-living “closed” state.
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Fig. 3.

Membrane wedging plays a critical role in the hemifission catalysis. A. Constriction of a
long NT, seen as a decrease in conductance (G, normalized to the value prior to dynamin
addition) by WT dynamin (pink), 1533A dynamin (red) and I533A in the presence of GTP
(blue). B. The behavior of G, upon 1533A addition to short NTs with (blue) and without
(red) GTP. C. The mean length of protein scaffolds formed by WT (black) and 1533A (blue)
dynamin in the presence of GTPis similar (the length is measured from AG,, asin Fig. 2G).
D. Stationary NT constriction (measured in G, units) produced by WT and I533A dynamin
under conditions indicated. E. Frame sequenceillustrating constriction and fission of NT
pulled from a GUV by 1533A, with 5mol% Pl (4, 5)P2. Membrane fission occurs within 20s
(3 trids, (32)), while at lower PIP2 concentrations (F) tubes remain stable at 100s time scale
(1Mol %P1 P2 n=10, 2mol%PI P2 n=4).
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Role of membrane wedging by pleckstrin homology domain (PHD) of dynamin in the
catalysis of fission. A. Energy diagram for dynamin-lipid complex illustrating the
hemifission catalysis. Dynamin polymerization leads to formation of a highly stressed
“reactant” state (2) that remains stable in the absence of GTP. GTP hydrolysis causes partial
“melting” of dynamin rings resulting in a new metastable intermediate around the
constricted neck (3) where the PHDs on the rings can tilt following changes in the geometry
of lipid bilayer until the hemifission stage (4) is achieved. The PHD mobility is
characterized by the tilt angle (a) between dynamin subunits assembled in adjacent rings.
Although each PHD can tilt independently, we consider the mirror-symmetric tilt asthe
simplest approximation. Complete fission is stochastically coupled to disassembly of the
metastable dynamin scaffold and is accel erated by membrane tension. B. The membrane
wedging module of dynamin is formed by adjacent PHDs interacting with Pl1(4,5)P2 lipids
(red) and inserting small hydrophobic regions into the lipid monolayer; the membrane
wedging is approximated by a shallow hydrophobic inclusion (H;) imposing stresses on the
neighboring lipids (purple, see also Fig. S3). C. Dependence of the energy barrier (AW)
between the constricted neck (3) and hemifission intermediate (4) on a (red) and H; (black).
The black curve was calculated assuming o as a free parameter, the energy barrier for
H;=0.7nm isindicated by the dashed line. The red curve was calculated using fixed
H;=0.7nm.
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